Respirators are used to help reduce exposure to a variety of contaminants in workplaces. Test aerosols used for certification of particulate respirators (PRs) include sodium chloride (NaCl), dioctyl phthalate, and paraffin oil. These aerosols are generally assumed to be worst case surrogates for aerosols found in the workplace. No data have been published to date on the performance of PRs with welding fumes, a hazardous aerosol that exists in real workplace settings. The aim of this study was to compare the performance of respirators and filters against a NaCl aerosol and a welding fume aerosol and determine whether or not a correlation between the two could be made. Fifteen commercial PRs and filters (seven filtering facepiece, two replaceable single-type filters, and six replaceable dual-type filters) were chosen for investigation. Four of the filtering facepiece respirators, one of the single-type filters, and all of the dual-type filters contained carbon to help reduce exposure to ozone and other vapors generated during the welding process. For the NaCl test, a modified National Institute for Occupational Safety and Health protocol was adopted for use with the TSI Model 8130 automated filter tester. For the welding fume test, welding fumes from mild steel flux-cored arcs were generated and measured with a SIBATA filter tester (AP-634A, Japan) and a manometer in the upstream and downstream sections of the test chamber. Size distributions of the two aerosols were measured using a scanning mobility particle sizer. Penetration and pressure drop were measured over a period of aerosol loading onto the respirator or filter. Photos and scanning electron microscope images of clean and exposed respirators were taken. The count median diameter (CMD) and mass median diameter (MMD) for the NaCl aerosol were smaller than the welding fumes (CMD: 74 versus 216 nm; MMD: 198 versus 528 nm, respectively). Initial penetration and peak penetration were higher with the NaCl aerosol. However, pressure drop increased much more rapidly in the welding fume test than the NaCl aerosol test. The data and images clearly show differences in performance trends between respirator models. Therefore, general correlations between NaCl and weld fume data could not be made. These findings suggest that respirators certified with a surrogate test aerosol such as NaCl are appropriate for filtering welding fume (based on penetration). However, some respirators may have a more rapid increase in pressure drop from the welding fume accumulating on the filter. Therefore, welders will need to choose which models are easier to breathe through for the duration of their use and replace respirators or filters according to the user instructions and local regulations.
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INTRODUCTION
Welding two pieces of metal together is one of the most common industrial processes. In order to join adjacent surfaces, metal is heated and melted using an electrical arc, gas torch, etc. In this process, some of the heated metal vaporizes and quickly condenses to form very small particles in the air called welding fume (Vincent and Clement, 2000) . These small particles may also join together to form longer aggregate chains. Unfortunately, the airborne metal fume may be inhaled by the welder, resulting in various adverse health effects depending on the specific metal(s) involved. Employers must evaluate exposure levels and mitigate them as necessary. Engineering controls such as local exhaust ventilation may be used to capture particles and thus reduce inhalation exposure. Respirators may also be used when engineering controls are not practical, adequate, or while they are being implemented.
There are various national and international standards for testing and certifying particulate respirators (PRs) (Rengasamy et al., 2009) . The test methods for measuring filtration efficiency in these standards vary by the type of aerosol [sodium chloride (NaCl), dioctyl phthalate (DOP), or paraffin oil], particle size distribution (nanometer to submicron), electrical charge of the test aerosol, flow rate through the respirator, and measurement system. In the USA, the National Institute for Occupational Safety and Health (NIOSH) tests and certifies 95, 99, and 100 series particulate filters and respirators, with minimum required filtration efficiencies of 95, 99, and 99.97%, respectively. In the European Community, the minimum efficiencies for filtering facepiece FFP1 and filter P1 and FFP2 and P2 are 80% and 94%, respectively. For FFP3 respirators, the minimum filtration efficiency is 99% and that for P3 filters is 99.95%. In Korea, the efficiency requirements specified by the Korea Ministry of Labor for Second, First, and Special series are the same as the European requirements for FFP1/P1, FFP2/P2, and FFP3/P3, respectively. In addition to certification standards, some countries such as Australia have respirator selection and use standards that require a minimum of P2-class respirators for thermally generated particles such as weld fume (AS/NZS 1715 ).
In addition to testing done per respirator certification standards, many studies have demonstrated the ability of PRs to filter different types of submicron aerosols (Brosseau et al., 1989; Balazy et al., 2006; Richardson et al., 2006; Kim et al., 2007; Eninger et al., 2008; Rengasamy et al., 2008 Rengasamy et al., , 2009 ). However, no data were found in the existing literature for respirators tested with welding fumes, except for a study using lead fumes (Moyer and Stevens, 1989a ). This may not be directly applicable as the generation and characteristics of lead fumes are different from typical welding fumes.
Most respirator standards also contain test methods for measuring breathing resistance through the respirator. Inhalation and/or exhalation resistance is measured at a given air flow rate using a pressure gage. These measurements may be made separate from or during the filtration efficiency testing.
From a practical perspective, filters loaded with dendritic weld fume aerosol may demonstrate a rapid increase in breathing resistance (Japuntich, 1984) . A welder may desire a respirator that has not only a lower initial pressure drop but one that also has a less rapid increase in pressure drop during use. Otherwise, the respirator may not be worn or it may be only loosely fitted to the face. If only loosely fitted, contaminant laden air will go around the sides of the respirator and the welder will be exposed.
This study evaluated the pressure drop and particle filtration efficiency of current approved PRs using welding fumes. For comparison, the same respirators were tested against a NaCl aerosol to see if a correlation could be made between the two methods. Finally, an attempt was made to rank the performance of the respirators using the data. Other important aspects of respirator selection such as fit of the respirator to the face, ability of the respirator to fit under a weld shield, comfort of the respirator on the face, etc. were not addressed by this study.
MATERIALS AND METHODS

Study design
Fifteen different models of commercially available PRs and filters were selected for this study (Table 1) . Respirators were selected from among those that are commonly used and/or advertised for use by welders. Seven were filtering facepiece respirators (FFRs) meaning the filter medium comprises most or all of the facepiece. Six of the FFRs were NIOSH approved 95-class with different resistance levels to oily mist (N 5 not resistant, R 5 oil resistant, and P 5 oil proof). The remaining FFR was approved to European (EN) standards as FFP2 (filtering facepiece P2). All the FFR products included exhalation valves. Eight filters designed to be used with a separate facepiece were also selected. Two of the filters were designed to be used singly with a facepiece and six of the filters were designed to be used in pairs (one on each side of a facepiece). These six filters were all of the type commonly referred to as disc or 'pancake' filters because they are flat round filters. Four of the FFRs, one of the single-type filters, and all of the dual-type filters contain carbon to help reduce exposure to ozone and certain low level vapors generated by the welding process. All the respirators and filters were thought to be made of electrostatically charged fibers.
All respirators and filters were tested for penetration and pressure drop with two types of aerosol: (i) welding fumes generated by flux-cored arc welding (FCAW) with mild steel wire on mild steel base metal and (ii) NaCl aerosol. NaCl was selected because it is commonly used in many respirator certification standards to evaluate the filter performance against solid particles. DOP and paraffin oil are also used in respirator certification standards, but they were not used in this study. They are used to simulate oily mists, not solid particles such as welding fume.
Six samples of each respirator or filter were tested-three with NaCl and three with weld fume. For testing the FFR samples, square acrylic plates (20 Â 20 cm) were cut with a hole of $8 cm diameter in the center. On the bottom of each plate was a cylindrical fixture that fit over the test port inside the Sibata test chamber. The samples were attached to the plates with hot melt adhesive. When testing on the Sibata instrument, the plate was placed inside the test chamber such that the cylindrical ring on the bottom of the plate fit snugly onto the chamber outlet fixture. For testing on the TSI 8130 automated filter tester (AFT), this same plate was placed into the lower chuck of the tester. A spacer ring (20 cm diameter and 10 cm tall) fitted with a gasket material was placed on top of the sample holder plate and a second plate was placed on top of the spacer ring. When the AFT chucks were closed, the pressure of the top chuck on the upper plate compressed the plates and spacer ring together to form an airtight seal. For the filters intended for use with an elastomeric facepiece, a mounting fixture (e.g. a bayonet connector) was removed from a facepiece and attached to an aluminum plate with hot melt adhesive. These plates were used in the same way as those used for the FFR samples. The samples were tested as is, without sealing the exhalation valves closed. The test was run until a mass of 100 mg of NaCl or weld fume aerosol was reached on a dual filter and 200 mg on a single filter or FFR. In some cases, the test was stopped earlier due to high pressure drop.
To examine the size distribution of the tested aerosol, a scanning mobility particle sizer (SMPS; TSI-3936, USA) was used. A scanning electron microscope (SEM) (JEOL, JSM-5600LV, Japan)-EDS (Oxford Instrument, INCA x-Sight, UK) was used to take images of aerosols entrapped in FFRs.
NaCl test method
The TSI 8130 AFT was used for NaCl loading tests. This instrument is designed in compliance with US NIOSH regulation 42 CFR part 84 but is also used for respirator certification in other countries. Pressure drops can be measured up to 1500 Pa and with penetration as low as 0.001%.
The TSI instrument uses two aerosol photometers to measure the particle penetration, one placed before and one after the filter. Photometer output signals are approximately proportional to aerosol mass and used to calculate filter penetration, P, as follows:
where C down is the aerosol concentration downstream of the respirator filter and C up is the challenge aerosol concentration upstream of the respirator filter. Tests using NaCl aerosols were conducted according to NIOSH protocols for filter penetration (NIOSH, 2007b) with two exceptions. First, the samples were not preconditioned at 38°C and 85% relative humidity (RH) for 24 h prior to testing. Preconditioning might have been appropriate if all the products were NIOSH certified; however, given that some of the products were not specifically designed to meet the NIOSH preconditioning requirement, it was omitted from our test protocol. This approach is supported by the observation of Moyer and Stevens (1989b) who, in discussing the effect of humidity on filter efficiency, stated that 'the effect of particle charge and size is significantly larger than the effect of RH'. Second, exhalation valves on the FFR products were not sealed shut. Although the NIOSH test method specifies that valves be sealed, in other international standards valves are left as is. (EN149 :2001) .
To conduct the filter test, 2% NaCl solution was prepared with distilled water as specified by TSI to obtain an aerosol with a count median diameter (CMD) of 75 -20 nm and geometric standard deviation (GSD) of 1.86. The aerosol is neutralized to Boltzmann equilibrium charge distribution by injecting positive and negative ions from electrically pulsed tungsten needles into a dilution air stream which is mixed with the aerosol. A constant flow rate of 85 l min -1 was applied to FFRs and single-filter types and a rate of 42.5 l min -1 applied to dual-filter types. Penetration and pressure drop were recorded at $1-min interval throughout the test. Three samples of each model were tested.
Welding fume test method
The fume generation system was similar to what had been used to measure fume generation rate in a previous study (Yoon et al., 2003) . The dimensions of the chamber are 60 (length) Â 60 (width) Â 80 cm (height). The chamber is tapered on one side to connect to an outlet duct from which welding fume can be drawn into the test chamber (as shown in Fig. 1) . A copper base plate was placed on a power-driven turntable, which was inside the welding chamber. The welding cable was connected from the top of the chamber and its torch placed inside the welding chamber. Welding variables such as the welding time, wire feeding rate, welding speed, torch angle, and distance between contact tube and work piece were controllable. PR test using welding fume 669
FCAW was carried out with CO 2 gas. Mild steel base metal (SS400, Fe $98%, C 0.30%, and Mn 1.60%) was placed on the base turntable and 1.2 mm of flux-cored wire (SF-71, AWS E71T-1, Hyundai Welding Co., Korea) was fed at a speed of 13 cm s -1 into the torch. The welding machine (IB-350, Chowel Co., Korea) was set to generate the current and voltage recommended by the wire manufacturer (232 A and 22 V, on average, respectively). The welder was operated in a cycle of 3 s on followed by 60 s off, yielding an average fume concentration of 86.0 mg m No effort was made to neutralize the welding fumes, similar to workplace settings. Test room conditions were set at 23°C (21-24°C) and 20% (17-22%) RH, both of which are somewhat lower than those used in the NIOSH protocol (25 -5°C, 30 -5%) (NIOSH, 2007a,b) .
To measure filter penetration and pressure drop, a respirator filter efficiency tester (SIBATA, AP-634A, Japan) and a manometer (OKANO, DMP-202N, Japan) were used simultaneously. A constant flow rate of 85 l min -1 was applied to FFRs and single-filter types and a rate of 42.5 l min -1 applied to dual-filter types. Three samples of each model were tested. Flow was controlled with a Dwyer Series RMC-104-CPF Rate-MasterÒ Flowmeter connected to a GAST rotary vane pump (Model 0523-101Q-SG588DX). A computer program was developed using LabVIEWä to acquire analog signals from the upstream and downstream photometer and the manometer. The program simultaneously read two-channel analog signals and the pressure drop value and plotted the loading data in real-time mode. As with the TSI instrument, the Sibata has separate photometers for upstream and downstream measurements and, like the AFT, the downstream photometer has a higher sensitivity to improve the precision of the measurement at very low penetrations. For the Sibata equipment, the resolution of the downstream photometer was 10-fold higher than the upstream photometer, so the filter efficiency calculation was coded accordingly.
Prior to the filter efficiency test, a high efficiency particulate air filter was used to obtain a background value (i.e. a value for the zero particle signal). To get a cumulative particle mass, welding fume particles were loaded onto 6-inch glass fiber filter specimens (I.W. Tremont Co., USA) for 10 min, and a mean value of the upstream signal over these 10 min was obtained. Using this data, a cumulative mass (milligrams) for welding fume loading was calculated continuously, according to the upstream signal received.
Due to the difference in the resolution between the upstream and downstream photometers, the data were multiplied by a factor of 0.1 and penetration, P, was calculated as follows:
Where DPV is the downstream photometer voltage (millivolts); DPV background is the downstream photometer voltage response when sampling particlefree air (millivolts); UPV is the upstream photometer voltage (millivolts); and UPV background is the upstream photometer voltage response when sampling particle-free air (millivolts). The initial quality factor (QF) was calculated to evaluate the PR performance as a function of the penetration and pressure drop using
where P is the penetration at a given time (e.g. initial or after loading with a specified mass of aerosol) and DP is the pressure drop at the corresponding penetration point (Hinds, 1999; Han, 2000; Eninger et al., 2008) . The QF is a figure of merit that rates the particle capture efficiency of a filter against the work required to draw air through the filter at a given flow rate. The higher the QF the better the performance of the filter at the specified test conditions.
RESULTS
Particle size distribution of welding fumes and NaCl aerosol Figure 2 shows the count-based size distribution of welding fume and NaCl aerosol particles, as measured by SMPS. The average CMD of the NaCl aerosol was 74 nm, which matches the target CMD for the NIOSH test very closely, and the average GSD was 1.77, well within the NIOSH specifications. For this distribution, 95% of the particles fall within the range between 23 and 232 nm. On a mass basis, the median diameter is 198 nm (95% of the mass is within the range of 61-619 nm). The average CMD of the welding fume aerosol was 216 nm and the average GSD was 1.73. For this distribution, 95% of the particles fall within the range between 72 and 643 nm. On a mass basis, the median diameter is 528 nm (95% of the mass is within the range of 177-1510 nm reported by Zimmer and Biswas (2001) for FCAW and GMAW (gas metal arc welding) and Sowards et al. (2008) for three different SMAW (shielded metal arc welding) electrodes.
Penetration, pressure drop, and filter QF
The average values of initial pressure drop, penetration, and QF along with peak penetration values for welding fumes and NaCl aerosols are presented in Table 2 . The data in the table include the average reading for the three samples and the associated standard deviation in the format 'x.xx (x.xx)'. For example, the average initial pressure drop for Product No. 1 when measured on the weld fume apparatus was 168.7 Pa with a SD of 10 Pa. The initial penetration and pressure drop values shown in the table are those recorded after the first minute of aerosol loading.
Penetration
The peak NaCl penetration values of all of the N95 FFRs pass the NIOSH certification limit for solid aerosol (as do the FFRs and filters with R95 and P95 approvals). As one would expect, the filters with P100 approval all pass the NIOSH certification limit for N100 filters in spite of the fact that the P100 filters are certified against a DOP aerosol rather than NaCl. Although it's not possible to extrapolate from the NIOSH NaCl test to draw firm conclusions about the ability to pass KOSHA, JMHLW, or EN protocols, the peak NaCl penetrations of Filters 7-10 are all low and within the range that one might expect for such filters. The peak weld fume penetrations for each filter are less than or comparable to the peak NaCl penetrations for the same product. Figure 3 shows filter penetration during mass loading for the respirators and filters rated nominally as either 95 or 99.97% efficient according to regulatory approvals. Penetration values were interpolated from the raw data at regular intervals of aerosol load (10 mg, 20 mg, . . .) from each load test in order to permit averaging of the results for the three samples of each type. The error bars represent -1 SD.
As seen in Fig. 3 , the shapes of the penetration curves are different between the respirator types and between the weld fume aerosol and the NaCl aerosol. For the FFR products with nominal 95% efficiency certification ('95-class') loaded with welding fume, the penetration curves are generally flat or decreasing (although two of the samples exhibit a slight increase before beginning to decline). When the same products are tested with NaCl, however, some showed a significant increase in penetration (almost a 10-fold increase for Filter 8) before decreasing. Nevertheless, they all remained well below the certification limit of 5% penetration. For the P100-class products, the penetrations measured with both welding fume and NaCl were relatively flat and all remained ,0.03%.
As shown by Lisowski et al. (2001) , it is possible to establish a correlation between initial penetrations measured with different aerosols for filters of similar construction. Such a correlation was attempted for the data in this study, as shown in Fig. 4 . The average initial penetration values are plotted separately for the 95-class and P100-class of filters. For the P100 filters alone, there is no meaningful correlation between the two different penetration measurements but for the aggregate data set, there is at least a weak correlation. This correlation is reasonably good given the differences in aerosol size distribution, aerosol charge distribution, filter media, and product constructions. However, as the correlation for initial penetrations (simplest case) is only limited (R 2 5 0.64), no attempt was made to compare peak penetrations. PR test using welding fume 671 
Pressure drop
The pressure drop values in Table 2 that are labeled 'initial' are the readings recorded after the first minute of loading. Given the relatively small amount of aerosol that deposits on a sample during the first minute of a test, the initial pressure drop for a given filter should be the same for the TSI 8130 and the Sibata instruments because they were tested at the same flow rate. This is confirmed in Table 2 and Fig. 5 . The pressure drop measured on the TSI 8130 (NaCl) appears to be slightly higher than what was measured on the Sibata (weld fume); however, analysis of the data with the Minitab statistical package (Minitab 15, Minitab Inc., State College, PA) showed that the difference is not statistically significant. This result confirms that the flow rates were the same on the two different test rigs.
As with the penetration data, pressure drop values were interpolated from the raw data at regular intervals of aerosol load from each load test in order to permit averaging of the results for the three samples of each type. Figure 6 shows pressure drop during aerosol loading for the products with NaCl and welding fume segregated according to the nominal performance class (95-class and P100). The error bars in the graph represent -1 SD. In all cases, pressure drop increased monotonically over time due to particle loading on the filter although there was a wide range in the rate of increase. In some cases, the increase in pressure drop appears linear, whereas others exhibit an exponential increase.
Of particular interest in regard to the pressure drop data is the question of whether or not the rate of increase during NaCl loading corresponds the rate observed during welding fume loading for a given filter. The three data sets shown in Fig. 7 represent the range of behavior observed for the filtering facepieces and single-type filters (FFR/Filters 1-9). Each point on the graph corresponds to a specific mass loading, starting at 10 mg (at the lowest pressure drop value) and increasing in increments of 10 mg. That is, for each point on the graph, the pressure drop values for NaCl and welding fume were observed at the same mass loading. The error bars represent 1 SD for the average of three replicates. The correlation PR test using welding fume 673 between the pressure drop measured with NaCl and that measured with weld fume is not consistent between respirator models. For example, the pressure drop arising from the accumulation of weld fume on FFR 1 is equal to or less than that arising from the accumulation of NaCl. For FFR 6, the pressure drop arising from accumulation of NaCl increases slowly, whereas the corresponding pressure drop from the accumulation of the same mass of weld fume is significantly higher. The behavior for Filter 8 falls between FFRs 1 and 6. (Note that although Filter 8 is not an FFR, it is designed for use as a single filter in an elastomeric facepiece so it was tested at the same flow rate as the FFRs and thus, it is appropriate to compare its performance directly with FFR products.) A similar range of behavior was seen for the dual-type filters. Therefore, a general correlation for all the respirators and filters in this study cannot be made between pressure drop from NaCl loading and pressure drop from weld fume loading. Wake et al. (1997) reported a positive correlation between QFs (Equation 3) of 11 different filters and respirators measured with various aerosols (monodisperse urea and three different bioaerosols), noting that such a correlation is less variable then one based on penetration alone. The scatter plot in Fig. 8 shows a strong correlation between QFs calculated from initial penetration and pressure drop values of welding fume and NaCl. However, the slope of the regression line in Fig. 8 is statistically different from 1.0. This means that the behavior of the two aerosols is not closely matched (Wake et al., 1997) .
Quality factor
DISCUSSION
The goal of this work has been to assess the penetration and pressure drop of FFRs and particulate filters challenged with welding fumes, which are potentially hazardous particulates, a study not previously attempted according to published reports. To compare the results of the welding fume test to those from a typical test material, identical tests were carried out with NaCl aerosols.
The correlation between initial penetrations measured with NaCl and welding fume (Fig. 4) is reasonably good considering the differences in the designs of the products. The NaCl aerosol was found to be more penetrating than welding fume, both in terms of initial and in terms of peak penetration, for almost all FFRs and filters (Table 2 ). There are several potential explanations for the difference but the greatest influence on the penetration is the size and shape of the two aerosols. The average CMD of NaCl aerosol was 74 nm (MMD of 197 nm), in accord with requirements for the NIOSH protocol (NIOSH, 2007b) , whereas the CMD of the weld fume was found to be 216 nm (MMD of 528 nm). Although an CMD of 200-300 nm is typically cited as the most penetrating particle size (MPPS) for filters (Hinds, 1999) , recent studies have reported MPPS values ,100 nm diameter for electrostatically charged filters for a variety of aerosols, including NaCl, viruses, and engineered nanoparticles (Martin and Moyer, 2000; Balazy et al., 2006; Japuntich et al., 2007; Kim et al., 2007; Eninger et al., 2008) . It is reasonable to expect that the NaCl aerosol would be more penetrating than the weld fume because the size of the NaCl aerosol is assumed to be closer to the presumed MPPS for the products in the study. A further possible explanation for the difference in the penetrations arises from the difference in the shape of the NaCl and welding fume particles. Assuming that the weld fume retains its complex shape after capture on the filter fibers, each fume particle collected on a fiber may enhance subsequent capture of fume particles more than NaCl loading enhances capture of subsequent NaCl particles.
Finally, the welding fumes were not neutralized as part of the test protocol, whereas NaCl was neutralized to the Boltzmann equilibrium state as described in the NIOSH protocol (NIOSH, 2005) . Given that the welding fumes were generated in electric arcs, it's reasonable to expect that they will have high electrical charge, although no published reports have been found describing the charge distribution of welding aerosols. Due to the dendritic shape of typical fumes, it is conceivable that they can sustain higher charge levels than spherical particles of the same mass. If in fact the fume particles do have excess charge, then they would be collected more easily by a filter. This effect would be enhanced for all the products in this study because they all use electrostatically charged filter media.
The shapes of the penetration curves during loading (Fig. 3) show an interesting contrast in behavior of the 95-class products for welding fume and NaCl. When loaded with NaCl, penetration initially increases for 6 of the 11 products, while only 2 of the products loaded with welding fume showed that trend. It is well known that electrostatically charged filter media can be intentionally degraded in a laboratory setting (Biermann et al., 1982; Kanaoka et al., 1984; Ackley, 1985; Walsh and Stenhouse, 1998; Janssen et al., 2003; Viscusi et al., 2007; Viscusi et al., 2009) . Biermann et al. (1982) observed NaCl penetration curves similar to those shown in Fig. 3 , wherein penetration initially increases and then decreases. They postulated that the initial increase in penetration is due to masking of the electrostatic charge on the filter fibers and thus a reduction of the particle capture due to electrostatic mechanisms. However, as particles accumulate on the filter, a cake begins to form on the surface and mechanical filtration begins to improve. Thus, penetration begins to decrease with additional NaCl loading. Only two of the welding fume penetration curves show an initial increase in penetration, suggesting that the welding fume has much less of an effect on the electrostatic PR test using welding fume 675 charge on the filter fibers or that any negative effect is quickly offset by increase in mechanical filtration due to fume loading on the filter. By comparison, the penetration curves of the P100 filters appear to be fairly consistent with the possible exception of the NaCl loading curve for Product No. 12. The charge-masking phenomenon is the most likely explanation for the increasing penetration; however, the relative increase in penetration (compared with the 95-class products) is not nearly so large. The fact that these penetration curves are largely flat is attributable to the differences in product design required to pass the NIOSH DOP loading test. In particular, the P100 filters must be significantly more resistant to electrostatic degradation than NIOSH N-or R-series. In all cases (95-class and P100), the peak penetrations recorded for NaCl and fume aerosols were well within the levels required for each product's approval (Table 2) .
In developing the test procedures for 42 CFR Part 84, NIOSH attempted to establish 'worst case' methods to ensure that filters which pass the test will perform at least as well against any other solid or oily mist aerosol, as appropriate for the product's approval (Moyer and Stevens, 1989a,b; Stevens and Moyer, 1989) . The penetration results of this study suggest that the NaCl test does fulfill that goal of being a worst case test compared to welding fume. Recent reports of count-based measurements of filter penetration using monodisperse particles in the range of 20-400 nm yielded values that were .5% for some N95 respirators (Martin and Moyer, 2000; Eninger et al., 2008; Rengasamy et al., 2011) . Those authors attribute this apparent contradiction to the relatively weak response of the laser photometer used in the TSI AFT to the fraction of particles ,100 nm in the polydisperse test aerosol. However, the welding fume measured in this study and reported elsewhere (Zimmer and Biswas, 2001; Sowards et al., 2008) is significantly ,100 nm, so in this case, the reported NaCl penetration does appear to be a worst case.
Although one can establish a correlation between pressure drop arising from NaCl loading and weld fume loading for any given respirator (Fig. 7) , there is no general correlation that applies to all respirators in this study. The lack of a predictive relationship for pressure drop is not surprising when one considers the nature of the aerosols and the elements of filter design that affect pressure drop. Whereas NaCl particles are either single crystals or compact agglomerations of crystals, weld fumes are complex, chain-like aggregates of nanometer-sized particles with multiple branches (Japuntich, 1984 , Antonini et al., 2006 . Once captured on a fiber, the complex shape of the fume particle has the effect of extending the surface area (and collection efficiency) of the filter. As more weld fume is collected on a fiber, the fume can begin to bridge the gap between fibers and rapidly build up a 'cake' of weld fume. This is illustrated by FFR 6 in Fig. 7 . The rapid rise in fume pressure drop indicates that a tightly packed cake of fume particles forms quickly on this product and blinds the filter. It is precisely for this reason that in respirators and filters designed specifically for welding applications, the outermost layer of material is typically an open coarse fiber web that is intended to slow the process of establishing of a filter cake, thereby reducing the rate at which pressure drop increases. Figure 9 shows examples of photographic images of PRs (FFRs 1 and 4, made by different manufacturers) and SEM images of those products loaded with welding fumes. FFR 1 has a smooth outer surface of fine fibers, whereas the outer layer of FFR 4 consists of a relatively thick layer of coarse fibers. The photographic images, taken before and after the tests, illustrate that welding fumes were accumulated on the outer surface of FFR 1 (Fig. 9B ) but were dispersed throughout the depth of the filter in FFR 4 (Fig.  9E) . Figure 9C shows the relatively dense packing of the fibers in FFR 1 and the tightly packed fume cake. In comparison, the fibers of FFR 4 (Fig. 9F ) are more widely spaced and, although there are clearly particles deposited on the fibers, there is no cake. Figure 10 shows how pressure drop increased for these two products upon loading. The inhibition of cake build-up in FFR 4 slows the rate at which pressure drop increases to half that of FFR1. In practical terms, this means that it will take twice as long for breathing resistance to become uncomfortable for someone using FFR 4 compared to FFR 1.
One of the most important factors that determines the respiratory protection a worker receives is the wear time of the respirator. If the breathing resistance becomes excessive, then the worker may remove the respirator and be exposed to a contaminant. Thus, while it is important to select a respirator that meets the appropriate approval level for the application, it is also important to select a respirator that maintains an acceptable breathing resistance for as long as possible. The pressure drop results from this study provide a means to rate breathing resistance. Table 3 shows the FFR/filters ranked from lowest pressure drop to highest based on three different measurements: initial pressure drop, pressure drop after loading with NaCl, and pressure drop after loading with weld fume. The left column indicates the rank of the FFR/filters from lowest pressure drop (rank 5 1) to highest pressure drop (rank 5 15).
As noted above, the initial pressure drop is a poor predictor of pressure drop after either NaCl or weld PR test using welding fume 677 fume loading. FFR 6 had the lowest pressure drop initially; however, after loading with NaCl, it was ranked fourth among all the products. The same product loaded with weld fume is ranked 10th. On the other hand, FFR 9 is ranked seventh on the basis of initial pressure drop, fifth on the basis of pressure drop after loading with NaCl, and first based on pressure drop after loading with fume. The performance of FFR 5 was consistent for all three rankings (second, third, and second, respectively). Of these three sets of rankings, the most important for a worker exposed to weld fume is the third set. The two products with the lowest pressure drops are FFRs 9 and 5 (FFP2 and N95, respectively). Interestingly, Filter 13, which has a P100 approval, is ranked third. In general, one might expect that the differences in product design required to meet the more stringent penetration requirements of a P100 filter (such as fiber size and filter thickness) would result in a higher pressure drop than an N95 filter. The fact that Filter 13 is ranked higher than most of the N95 products emphasizes the fact that approval rating is not always a good indicator of breathing resistance. While there is not a good correlation between the pressure drops from NaCl and welding fume, it is interesting to note that four of the five products with the lowest pressure drop after loading with welding fume are among those with the lowest pressure drop after NaCl loading. In that sense, pressure drop measured after NaCl loading may help narrow the selection of products to be evaluated in a welding application. Finally, among the five products with the lowest pressure drop after loading with welding fume, four of them contain carbon, suggesting that whatever impact the presence of carbon has on breathing resistance can be accommodated by proper selection of materials and product design to minimize increased pressure drop. Fig. 10 . The rate at which pressure drop increases upon loading with weld fume is affected by the structure of the respirator. 
